We have introduced the LTR-retrotransposon MAGGY into a naive genome of Magnaporthe grisea and estimated the copy number of MAGGY in a cell by serial isolation of fungal protoplasts at certain time intervals. The number of MAGGY elements rapidly increased for a short period following introduction. However, it did not increase geometrically and reached equilibrium at 20-30 copies per genome, indicating that MAGGY was repressed or silenced during proliferation. De novo methylation of MAGGY occurred immediately following invasion into the genome but the degree of methylation was constant and did not correlate with the repression of MAGGY. 5-Azacytidine treatment demethylated and transcriptionally activated the MAGGY element in regenerants but did not affect transpositional frequency, suggesting that post-transcriptional suppression, not methylation, is the main force that represses MAGGY proliferation in M.grisea. Support for this conclusion was also obtained by examining the methylation status of MAGGY sequences in field isolates of M.grisea with active or inactive MAGGY elements. Methylation of the MAGGY sequences was detected in some isolates but not in others. However, the methylation status did not correlate with the copy numbers and activity of the elements.
INTRODUCTION
DNA methylation has been implicated in a wide range of cellular processes, including embryogenesis (1), X-chromosome inactivation (2) , genomic imprinting (3) and repression of transposable elements (4) . It remains unknown, however, whether DNA methylation is the mechanism responsible for these processes. The role of DNA methylation in repressing or taming transposable elements in the mammalian genome is also a matter of considerable debate (5, 6) . A series of findings support the idea that the activity of transposons is repressed by methylation of the transposon promoters in plants (7) (8) (9) (10) . The observation that the majority of the 5-methylcytosine in mammalian DNA resides in transposable elements is also consistent with this idea (4) . In certain fungal species, repeated sequences are silenced or inactivated by processes called repeat-induced point mutation (RIP) and methylation-induced premeiotically (MIP), which are characterized by hypermethylation (MIP) and both point mutations and DNA methylation (RIP) during a specific period of the sexual cycle (11, 12) .
On the other hand, several contradictory facts have also arisen. The transposase of a plant DNA transposon, Ac, preferentially interacts with hemimethylated rather than unmethylated transposon DNA (13) . In the genome of the invertebrate chordate, transposable elements were found to be unmethylated even though cellular genes were predominantly methylated (14) . In addition, Drosophila and Caenorhabditis elegans maintain transposable elements within a certain range of copy numbers despite the fact that these organisms lack DNA methylation. In fact, homology-dependent gene silencing was shown to be involved in taming transposable elements in Drosophila (15) .
The LTR-retrotransposon is one of the transposable elements that transpose via a process termed retrotransposition. Retrotransposition involves a series of intracellular processes: transcription of an RNA intermediate of the element, reverse transcription of the intermediate, synthesis of dsDNA using the resulting single-stranded cDNA as a template and integration of the dsDNA into the host genome. One cycle of retrotransposition results in one additional replica of the element in the genome. Thus, how the genome copes with the increase in copy number of LTR-retrotransposons is an open question. MAGGY is a gypsy-like LTR-retrotransposon found in the rice blast fungus Magnaporthe grisea (16) . This element has been shown to be active not only in original hosts (17, 18) but also in naive genomes of other fungal isolates, including heterologous species, when it is introduced by polyethylene glycol (PEG)-mediated transformation (19) . MAGGY transposes at a high frequency after introduction to a naive isolate of M.grisea, but at a low frequency when introduced into Colletotrichum lagenarium (19) .
Because of the difficulty of direct examination of transposition events, the activity of transposable elements has mostly been assessed by their transcriptional activities or indirectly by observations of phenotypic changes caused by transposition, in most cases by excision of the element. So far, there is no report chasing actual frequency of transpositions in a cell after the introduction of a transposable element into a new host. Thus, we monitored the dynamics of the number of MAGGY transpositions in a fungal cell over time using Southern analysis. This approach enabled us to accurately examine the relationship between the activity of MAGGY and DNA methylation within it. We conclude that methylation is not the mechanism responsible for repression of the MAGGY element in M.grisea.
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MATERIALS AND METHODS

Transformation of fungi
pMGY70, a plasmid containing a copy of MAGGY, was introduced into a M.grisea isolate possessing no MAGGY (a wheat isolate, Br48) by a PEG-mediated transformation method using the plasmid pSH75 as described previously (19) . pSH75 carries a hygromycin B phosphotransferase gene as a selective marker.
Extraction of fungal genomic DNA and Southern blot hybridization
Fungal genomic DNA was extracted as described previously (19) . Southern blot analysis was performed using the dioxetane chemiluminescence system, Gene Images™ (Amersham). Genomic DNA was digested with appropriate restriction enzymes. The digests were fractionated on a TAE agarose gel and transferred to Hybond N + (Amersham). The hybridization and detection procedures were performed according to the manufacturer's instructions.
Regeneration of fungi from a single protoplast
A piece of fungal potato dextrose agar (PDA) culture was transferred to CM broth (0.3% Casamino acids, 0.3% yeast extract, 0.5% sucrose) and incubated at 26°C for a week. Fungal protoplasts were produced by incubating mycelia in a digestion buffer (10 mM Na 2 HPO 4 , 1.2 M Mg 2 SO 4 ) containing 5 mg/ml lysing enzymes (Sigma) and 3.5 mg/ml Zymolyase 20T (Seikagaku, Japan) for 3 h. Serial 10-fold dilutions of protoplast suspension were made with STC (1 M sorbitol, 50 mM Tris-HCl pH 8.0, 50 mM CaCl 2 ) and mixed with regeneration agar medium, then poured onto regeneration agar plates containing 400 µg/ml of hygromycin B. After 3-5 days, single colonies of regenerants were picked and transferred to PDA slant media.
RNA isolation and northern blot analysis
Total RNA was extracted from mycelia using the RNeasy plant mini kit (Qiagen). Total RNA (20 µg) was separated on a 1.2% denaturing agarose gel. After electrophoresis, RNA was transferred to Hybond N + (Amersham). Hybridization and detection were performed using the dioxetane chemiluminescence system (Gene Images™). RNA probes were labeled with UTPfluorescein using T3 and T7 transcriptional system (Roche Diagnostics). A SalI-BamHI fragment of MAGGY (nucleotides 885-1445) was used as a template for the labeling after digesting with an appropriate restriction enzyme. Hybridization was performed in 5× SSC, 5% (w/v) SDS, 5% (w/v) dextran sulfate and 5% (v/v) liquid block (Amersham) at 65°C overnight. After hybridization, membranes were washed twice in 1× SSC containing 0.1% SDS for 15 min at 65°C and twice in 0.1× SSC containing 0.1% SDS for 15 min at 65°C. Loading of total RNA was estimated by ethidium bromide staining. Transcript sizes were determined by comparison with RNA molecular-weight marker (Toyobo).
RESULTS
Monitoring the copy number of MAGGY in a fungal cell
The plasmid pMGY70 containing a copy of MAGGY was introduced into a naive genome of M.grisea (Br48) by PEGmediated transformation. The copy number of MAGGY in transformants was monitored by isolation of a single protoplast from each cultured transformant over time, followed by propagation of the mycelia and Southern analysis of the mycelial DNA. We designated the population of the original MAGGY transformants as R0, the population that regenerated from a single protoplast of R0 as R1, the one regenerated from a single protoplast of R1 as R2, etc. It took 2-3 weeks to generate a new population of regenerants. Southern analysis was performed on genomic DNAs digested with EcoRI using a 0.69 kb EcoRI-SmaI fragment (ES) of MAGGY (Fig. 1A) as a probe. In this way, the length of detectable fragments varies depending on the proximity of the closest EcoRI site in the genomic sequence outside the transposable element, enabling estimation of MAGGY copy number as total number of bands detected with the ES probe. The Southern blots of an R0 transformant and three of its protoplast regenerants (R1) are shown in Figure 1B . In addition to MAGGY bands in R0, newly appearing bands were observed independently in each R1 regenerant. The timing of MAGGY transposition was estimated by the intensity of the signals appearing in the Southern blots. A MAGGY insert that had already appeared in the genome of the isolated single protoplast would be detected as a strong band in the Southern blots (Fig. 1B, arrowheads) , since the mycelial cells are supposed to share the MAGGY insert. On the other hand, a MAGGY insert that appeared during the culture of mycelia after the protoplast isolation would not be detected as a band in most cases. The amount of DNA molecules sharing the MAGGY insert would be too small to be detected in the population since MAGGY transposition occurs independently in each cell. Nevertheless, a MAGGY insert appearing at a very early stage of the culture could be detected as a faint band (Fig. 1B, circles) . We took account of only the strong bands and estimated the copy number of MAGGY in the single cell at protoplast isolation. Because of the nature of retrotransposition, the copy number of the element increases one per transposition. Thus, the number of increases of the element in a cell fundamentally represents the number of transpositions that have occurred in the cell.
Copy number dynamics of MAGGY after introduction into a virgin genome of M.grisea
We analyzed the copy number dynamics of MAGGY in four series of protoplast regenerants from R0-R8 or R10. A typical example of the Southern blots (series 1) is given in Figure 2A . In this case, there appeared to be four integrations of the MAGGY plasmid as shown in R0. The copy number of MAGGY gradually increased up to 20 copies by R4 or R5 (2-3 months after the introduction of MAGGY), i.e. five times the original copy number of the MAGGY plasmid integrated in the genome. However, little further increase in copy number appeared thereafter. A similar increase in copy number was observed in two of the other three series of regenerants (Fig. 2B) . Series 4 showed distinct dynamics in copy number increase. The copy number of MAGGY in this series increased more slowly, but it eventually reached about 20 at R9 and the rate of the increase seemed to be reduced thereafter. If the frequency of transposition of each MAGGY copy were constant, the number of MAGGY copies in the genome would increase geometrically. However, Figure 2B shows that the copy number of MAGGY seemed to attain equilibrium after propagation of the element to 20-30 copies per genome. This indicated that transposition frequency was repressed at this stage by some mechanism, which would emerge to counter the proliferation of the element but would not pre-exist or appear promptly after the invasion of MAGGY.
It is noteworthy that some MAGGY bands were lost after several generations (data not shown). This indicated that excision of the element or rearrangement of genomic sequence flanking the element sometimes took place. In addition, amplification of transgenes is often reported after transformation in filamentous fungi. Thus, we estimated the rate of sub-genomic MAGGY copies that were independent of transposition by probing with flanking plasmid sequence. In fact, >95% of the sub-genomic MAGGY copies did not carry any plasmid sequence, indicating that most of them were derived from transposition events.
DNA methylation in the MAGGY sequences during proliferation in the transformants
Since DNA methylation has been suggested as a mechanism for repression of transposable elements or repeated sequence in a wide range of organisms including mammals, plants and fungi (4, 7, 8, 10, 12, 20) , we tested whether DNA methylation was involved in the repression of MAGGY in the M.grisea transformants. Four series of regenerants were examined by Southern hybridization using a pair of restriction endonuclease isochizomers, HapII and MspI. HapII is sensitive to cytosine methylation in the recognition site, but MspI is not. HapII and MspI digests were separated in an agarose gel and hybridized with a 5.4 kb XhoI fragment of MAGGY. DNA methylation was detected at HapII sites in the MAGGY sequences just after transformation (R0) and was maintained up to R8 (Fig. 3A) . Occurrence of DNA methylation was observed at R0 in all series of regenerants we tested (data not shown). Based on the relative intensity of the hybridizing high (uncut) and low (cut) molecular weight bands, the degree of methylation was low in all the series, and it was almost constant during the whole period. Higher molecular weight bands caused by DNA methylation were more intense in the latter stages, but this can be attributed to increased MAGGY copy number.
To clarify the last point, the concentrations of genomic DNA of R1, R2, R7 and R8 were adjusted according to the copy numbers of MAGGY they possessed. They were then subjected to the Southern analysis using the isochizomers. Almost the same degree of methylation was observed in all the samples tested (Fig. 3B) . If DNA methylation was the main force repressing MAGGY transposition, the occurrence of methylation could be expected to correlate with the MAGGY repression occurring at the latter stages of MAGGY proliferation, but this was not the case. Thus, these results suggest that the repression of MAGGY in M.grisea does not directly depend on DNA methylation.
Effect of 5-azacytidine (5AC) treatment on the transcriptional and transpositional activities of MAGGY
To examine other aspects of the involvement of methylation in the repression of MAGGY, the effect of demethylation on the transcriptional and transpositional activities of MAGGY was assessed by treatment of the MAGGY transformant with 5AC, which inhibits cytosine methylation. A regenerant with methylated MAGGY was cultured in CM medium with or without 20 µM 5AC for a week. Aliquots of the cultures were harvested to examine the methylation status of MAGGY sequences and the expression level of MAGGY RNA, respectively. Genomic DNA was subjected to Southern analysis with the endonuclease isochizomers HapII and MspI. As expected, detectable cytosine methylation in MAGGY sequences was drastically reduced in the 5AC-treated cells (Fig. 4A) , indicating that most of the MAGGY sequences were demethylated. Furthermore, total RNA was extracted and subjected to northern blot analysis. MAGGY RNA was observed at a position of 5.4 kb, which corresponds to the full length of MAGGY (Fig. 4B ). More MAGGY RNA was detected in the 5AC-treated cells than in the untreated cells, suggesting that demethylation up-regulated transcription of MAGGY. The northern analysis was repeated three times. In every experiment, up-regulation of MAGGY RNA was observed with 5AC treatment.
The other aliquots of cultures were further transferred to CM medium without 5AC. After an additional 2 weeks of culture, seven protoplasts were isolated from the 5AC-treated mycelia and seven from the untreated mycelia. The average number of MAGGY transpositions in the protoplasts was assessed by Southern analysis of regenerated mycelia ( Table 1) . The average numbers of MAGGY transpositions in the 5AC-treated and untreated cells were 2.86 and 2.57, respectively. No significant difference was found in the two averages by a t-test (0.05%). An independent experiment was carried out in the same way as described above. Again, no significant difference was observed in the average numbers of MAGGY transposition between the 5AC-treated (average: 2.20) and untreated cells (average: 2.40). Evidence that treatment with 5AC reduced methylation drastically in MAGGY sequences and up-regulated transcription of MAGGY RNA indicated that the treatment was effective. Surprisingly, however, it did not affect the transpositional activity of MAGGY. This means that the main force repressing MAGGY transposition is not methylation even though it reduces transcriptional background, and also suggests involvement of some post-transcriptional mechanism in the prevention of MAGGY proliferating in the M.grisea genome.
Survey of the methylation status in MAGGY sequences in various isolates of M.grisea
MAGGY-related sequences have been reported in several M.grisea isolates from various monocot plants (16, 21, 22) . We analyzed the methylation status of MAGGY-related sequences in nine M.grisea isolates from rice, foxtail millet, Panicum miliaceum and Panicum repens. The presence of active copies of MAGGY was reported in the rice and foxtail millet isolates (17, 18) , whereas only an inactive copy of MAGGY that had been degenerated by a RIP-like process was found in the P.miliaceum isolate (23) . Isolates from P.repens seemed not to possess an active MAGGY copy, because restriction fragments conserved in active MAGGY elements were not detected in them, and the apparent copy numbers of the element were also low (one to two copies) (21, 23) .
Genomic DNA from these isolates was digested with the isochizomers HapII and MspI and subjected to Southern analysis. DNA methylation at HapII sites in the MAGGY-related elements was found in all of the rice isolates and the P.miliaceum isolate, but not in any of the foxtail millet or the P.repens isolates (Fig. 5A) . As a control, the blot was stripped and reprobed with pEBA18 that contained a LINE-like retrotransposon, MGR583 (24) . No difference was detected in the hybridization patterns between the isoschizomers in any isolates tested, which indicated that genomic DNA was completely digested and that no CCGG sites were methylated in the MGR583 homologs derived from various M.grisea isolates (Fig. 5B) .
To further examine methylation status in the foxtail millet isolates, Southern analysis was carried out using another set of isochizomers, MboI and Sau3AI, both of which digest GATC but show different sensitivities to cytosine methylation. The results indicated that no methylation occurred at Sau3AI sites in MAGGY sequences of the isolates either (data not shown).
In conclusion, methylation of MAGGY-related sequence did occur in some isolates of M.grisea but showed no correlation with the copy numbers or activity of the elements. Evidence that even the foxtail millet isolates with active, unmethylated copies of MAGGY could restrict MAGGY copy number to less than that in the rice isolates (22) indicated methylationindependent repression of MAGGY in this fungus.
DISCUSSION
Introduction of a transposable element into a naive genome could take place by horizontal transfer or sexual hybridization. A typical example is the P-element that invaded the genome of Drosophila melanogaster by horizontal transfer from Drosophila willistoni and has rapidly spread through the natural population of D.melanogaster, probably within the twentieth century (25) . In Drosophila the introduction of new transposable elements by hybridization sometimes results in a syndrome termed hybrid dysgenesis, which was characterized by high rates of mutation, chromosomal rearrangements, female sterility, etc. (26) . An important question is how the eukaryotic genome tames the incoming elements and maintains their copy numbers. Association of methylation with the repression of transposable elements has been reported in a wide range of organisms. In fungi, many transposable elements or repeated sequences in the genome were found to be methylated (27) . In some cases methylation of the transposon promoter was shown to reduce transcriptional activity of the elements (7) (8) (9) . It is unclear, however, to what extent methylation is responsible for the repression of transposon proliferation, i.e. is methylation the regulatory mechanism for the repression of transposition or just an accompanying phenomenon? Our study addressed this question. We examined in detail the relationship between copy number kinetics of the incoming transposon and methylation of the transposon by using the filamentous fungus M.grisea and the retrotransposon MAGGY as a model. The results indicated that methylation was associated with repression of the incoming transposon and reduced transcriptional activity of MAGGY to a certain degree but could not have been responsible for the repression of MAGGY in M.grisea. Several methylation-independent mechanisms that repress the transposable elements have been discovered in Drosophila, which lacks DNA methylation, e.g. homology-dependent gene silencing (15) , transcriptional repression by a particular gene (28) , overproduction inhibition (29), etc. One or more of these mechanisms could be involved in the repression of MAGGY observed in our experiments. Especially, homology-dependent gene silencing seems to be a good candidate to explain the MAGGY repression since this kind of gene silencing exists in a broad range of eukaryotes, including insects, nematode, plants and filamentous fungi (ex, co-suppression, quelling, etc.) (30) (31) (32) . In addition, these gene silencing processes do not necessarily involve methylation and some of them are apparently post-transcriptional (33) .
Besides the epigenetic regulation of transposable elements described above, repeated sequences in certain fungal species are genetically and irreversibly modified in a specific period of the sexual cycle by RIP (11) . Certain M.grisea isolates, exemplified by the P.miliaceum isolate, seem to have succeeded in preventing MAGGY from proliferating in their genome by degenerating it through a RIP-like process (23) . Since association of DNA methylation with RIP or RIP-like processes has been reported in several fungi (23, 34) , de novo methylation on MAGGY that we observed might indicate some role in a RIP-like process rather than a direct involvement in repression of the element.
MAGGY carriers occurring in the natural population of M.grisea possess 35-40 copies of MAGGY (22) . This implies that the copy number of MAGGY in our transformants (20-30 copies) had not attained, by R8, the equilibrium that has been established in the natural evolution of M.grisea and MAGGY. Actually, the copy numbers of MAGGY in most transformants grew to greater than 30 by 18 months after transformation (data not shown). Leaky transposition contributing to this gradual rise may ultimately be stopped at the equilibrium observed in nature by a distinct, stronger force of repression. This might include genetic modification of the element by RIP and/or an increase of excision frequency of the element in response to increase in copy number.
It is reported that mammals, plants and filamentous fungi differ in both 5-methylcytosine content in genomic DNA and preferred target sequences for cytosine methylation (34) (35) (36) , which might indicate that DNA methylation plays distinct or multiple functions in different eukaryotic systems. Actually, our data showed variability in methylation status of MAGGY sequences even among field isolates of M.grisea. Furthermore, in the same fungal isolate, e.g. rice isolates or MAGGY transformants, one retrotransposon (MAGGY) was methylated and the other (MGR583) was apparently not. The variability discussed here, and our observed lack of correlation between DNA methylation and suppression of MAGGY, render DNA methylation unlikely as a responsive mechanism for protection of the genome against rampant transposition of mobile elements. Our results imply that post-transcriptional and methylation-independent gene silencing can be the general and main mechanism repressing transposons not only in organisms without methylation but also in some of those with methylation.
